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Abstract.  Three new compounds, Cd(S2COMe)2(hmta) (1), 
Cd(S2COEt)2(hmta)0.5 (2) and Cd(S2COiPr)2(hmta) (3), have 
been isolated from a systematic study of adduct formation 
between Cd(S2COR)2 , R = Me, Et and iPr, precursors and 
potentially polydentate hmta; hmta is urotropine (hexameth-
ylenetetramine).  The compounds have been characterised by 
a variety of spectroscopic techniques including a photolumi-
nescence study in both solution and the solid-state, as well as 
by thermal methods.  Crystallography shows 1 to have µ2-
bridging hmta leading to a one-dimensional coordination 
polymer.  This framework is essentially repeated in 2 but 
with a µ3-bridging hmta so that Cd(S2COEt)2 entities deco-
rate the chain.  By contrast, a binuclear zero-dimensional ag-
gregate with terminally bound hmta is found in 3.  The influ-
ence of steric bulk of the alkyl substituents in Cd(S2COR)2 
is pivotal in determining the ultimate structural outcome. 
 
 
*
 Correspondence author: edwardt@sunway.edu.my (E.R.T.T.) 
 
Introduction 
Dithiocarbonates (xanthates), dithiocarbamates and dithio-
phosphates are important members of the 1,1-dithiolate class 
of compounds, Fig. 1 [1-7].  Being easy to prepare and hav-
ing a great propensity for complexing heavy elements rang-
ing from the transition metals, lanthanides, and relevant to 
Author Title File Name Date Page 
Yee Seng Tan, Aliaa Diyana 
Azizuddin, Marius V. Câmpian, 
Ionel Haiduc and Edward R. T. 
Tiekink 
Serendipitous compositional and structural diversity in urotropine adducts of binary
 cadmium xanthates 
 
N4.docx 30.10.2017 2 (29) 
 
 
the present study, main group elements, it is not surprising 
that there is an enormous wealth of structural data for metal 
1,1-dithiolates [1-7].  Amongst these, the structural chemis-
try exhibited by the binary cadmium xanthates, Cd(S2COR)2 
is remarkable for its diversity and complexity [1]. 
 
 
Fig. 1.  Generic chemical structures for the (a) xanthate, (b) 
dithiocarbamate and (c) dithiophosphate anions.  Resonance 
structures for the (d) xanthate and (e) dithiocarbamate ani-
ons.  (f) Chemical structure of urotropine (hmta). 
 
As seen from Fig. 2, three quite distinct structural motifs 
are observed for these compounds, ranging from zero-di-
mensional in the case of the mononuclear compound found 
for R = CH2CH2OMe [8], one-dimensional in the form of a 
supramolecular chain when R = Me [9], and two-dimen-
sional, as extended sheets, when R = Et, iPr and n-Bu [10-
15]. 
 
 
Fig. 2.  The three different structural motifs adopted by bi-
nary cadmium xanthates (a) zero-dimensional, mononuclear 
found for R = CH2CH2OMe, (b) one-dimensional supramo-
lecular chain found for R = Me, and (c) two-dimensional su-
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pramolecular layer found for R = Et, i-Pr and n-Bu.  All hy-
drogen atoms and all but the alpha-carbon atoms bound to 
oxygen have been omitted. 
 
Contrasting the behaviour of the cadmium xanthates is 
the structural chemistry of the binary cadmium dithiocarba-
mates, Cd(S2CNR2)2, which normally features a binuclear, 
zero-dimensional aggregate as a result of two chelating lig-
ands and two ligands which simultaneously chelate one cad-
mium centre while bridging another, i.e. µ2κ2-tridentate [16-
34].  This dramatic difference in structural outcomes is ra-
tionalised in terms of the significant contribution of the ca-
nonical structure shown in Fig. 1e, up to 40%, which makes 
dithiocarbamate ligands effective chelating agents certainly 
compared with the xanthate ligand where the equivalent ca-
nonical structure, Fig. 1d, contributes no more than 20% to 
the overall electronic structure of the anion [1].  The above 
notwithstanding, the relatively “staid” coordination chemis-
try for Cd(S2CNR2)2 has been challenged recently by the 
characterisation of supramolecular isomers [35, 35] of the 
one-dimensional coordination polymers, 
[{Cd[S2CN(iPr)CH2CH2OH]2}3·MeCN]∞ [37] and 
[{Cd[S2CN(iPr)CH2CH2OH]2}3·2EtOH]∞ [38] for which all 
dithiocarbamate ligands are µ2κ2-tridentate.  Further, a zero-
dimensional trinuclear aggregate has been isolated recently, 
{Cd[S2CN(methylbenzyl)(methylfurfuryl)]2}3, where the ra-
tio of µ2κ2-tridentate to chelating ligands is 2:1 leading to a 
central octahedrally coordinated cadmium flanked by two 
square pyramidal cadmium atoms [39].  The structural chem-
istry of the binary cadmium dithiophosphates resembles that 
of Cd(S2CNR2)2 in that both zero- (binuclear) [40-42] and 
one-dimensional [43-45] aggregation patterns are observed. 
While the mainstay of the construction of coordination 
polymers of metal carboxylates has been to incorporate neu-
tral and multidentate pyridine-donor ligands of which 4,4ꞌ-
bipyridine (4,4ꞌ-bipy) is a prominent exemplar, the analo-
gous chemistry of 1,1-dithiolates is far less developed.  In 
fact, there is only one example of structurally characterised 
cadmium xanthate with bridging bipyridine-type ligands, 
namely [Cd(S2COiPr)2(4,4ꞌ-bipy)]n, which is a linear poly-
mer [46], even though structures with bidentate bipyridine 
donors are well known [47-49].  A linear coordination poly-
mer is also noted in the structure of 
{Cd[S2CN(CH2Ph)2]2(4,4ꞌ-bipy)}n [50].  This structure is 
complemented by highly flattened zig-zag polymers in each 
of {Cd(S2CNEt2)2[1,2-bis(4-pyridyl)ethane]}n [51] and 
{Cd(S2CNEt2)2[1,2-bis(4-pyridyl)ethylene]}n [52].  By con-
trast to the aforementioned, the chemistry of cadmium dithi-
ophosphates with bridging bipyridine-type ligands is far 
more developed [53-58], with 17 different structures found 
in the Cambridge Structural Database [59].  A systematic 
study focussed on the influence of the steric profile of the 
remote organic substituents upon coordination polymer for-
mation and, when polymers were formed, their topology [53-
55].  The controlling influence of steric bulk in influencing 
supramolecular aggregation patterns, in particular in militat-
ing secondary interactions [60, 61], in main group 1,1-dithi-
olate chemistry is now well established [62-66].  It is noted 
that in none of the cadmium structures with bridging bipyri-
dine-type ligands were the 1,1-dithiolate ligands bridging so 
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that only one-dimensional architectures were formed.  In an 
attempt to increase the dimensionality of the ensuing coordi-
nation polymer, attention was directed to the potentially pol-
ydentate ligand urotropine (hexamethylenetetramine, hereaf-
ter hmta), Fig. 1f. 
The utility of hmta in the construction of coordination 
polymers has been reviewed recently which summarised a 
variety of “inverse coordination modes”, i.e. where hmta is 
regarded as the coordination centre [67].  Bridging, i.e. µ2-, 
µ3- and even µ4-hmta, predominates with terminal coordina-
tion of hmta observed in less than 5% of the discussed coor-
dination polymers (excluding those containing silver) [67].  
With this background in mind, an exploration of adduct for-
mation between each of Cd(S2COR)2, R = Me, Et and iPr, 
and hmta is described in which the ratio of Cd(S2COR)2 to 
hmta was varied from 1:1, 2:1 and 1:2, was undertaken.  Re-
markably, from the nine possible products only three com-
pounds could be prepared, namely Cd(S2COMe)2(hmta) (1), 
Cd(S2COEt)2(hmta)0.5 (2) and Cd(S2COiPr)2(hmta) (3), i.e. 
each with a different composition.  Even more remarkably, 
the crystallographically determined structures of 1–3 are 
quite different owing to the different coordination modes of 
hmta, i.e. monodentate, µ2-bidentate and µ3-tridentate so that 
different architectures are generated.  The results of this in-
vestigation are reported herein. 
 
Experimental 
Instrumentation 
All chemicals and solvents were used as purchased without 
purification and reactions were carried out under ambient 
conditions.  Elemental analyses were performed on a Perkin 
Elmer PE 2400 CHN Elemental Analyser.  1H and 13C{1H} 
NMR spectra were recorded in DMSO-d6 solutions on a 
Bruker Avance 400 MHz NMR spectrometer with chemical 
shifts relative to tetramethylsilane; abbreviations for NMR 
assignments: s, singlet; d, doublet; t, triplet; q, quartet; sept, 
septet.  IR spectra were measured on a Perkin Elmer Spec-
trum 400 FT Mid-IR/Far-IR spectrophotometer from 4000 to 
400 cm-1; abbreviations: vs, very strong; s, strong; m, me-
dium; w, weak.  The optical absorption spectra were meas-
ured on 10 and 100 μM ethanol:acetonitrile (1:1) solutions in 
the range 190-1100 nm on a single-beam Agilent Cary 60 
UV-Vis spectrophotometer.  Photoluminescence (PL) meas-
urements were carried out at room temperature on 1 mM in 
acetonitrile:ethanol (1:1) solutions using an Agilent Varian 
Cary Eclipse Fluorescence Spectrophotometer with a Xenon 
flash lamp as the excitation source.  Solid-state PL measure-
ments were carried out using the same instrument.  Solid 
samples were loaded on a SH1 plain sample holder of an Op-
tistat DN2 (Oxford Instrument Nanoscience) attachment; liq-
uid nitrogen was loaded into the cryostat system for low tem-
perature (77 K) measurements.  Thermogravimetric analyses 
were performed on a Perkin Elmer TGA 4000 Thermograv-
imetric Analyzer in the range of 35–900 °C at the rate of 10 
°C/min. 
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Synthesis and characterization 
Preparation of xanthate salts 
The potassium salts of the three xanthate ligands, K[S2COR] 
for R = Me, Et and iPr, were prepared by dissolving KOH 
(ca 0.05 mol) in an excess of the respective alcohol followed 
by the slow addition of an equivalent amount of CS2.  The 
precipitate which immediately formed was filtered off, dried 
in vacuo at room temperature and used as prepared. 
Synthesis of binary cadmium xanthates 
The same method was employed for the preparation of each 
of Cd(S2COR)2 for R = Me, Et and iPr.  An aqueous solution 
(25 ml) of CdCl2 (99.0% purity; Acros Organic; 2.75 g) was 
added to 2 molar equivalents of the respective xanthate taken 
up in ethanol (R = Me: 25 ml) or water (R = Et, iPr: 25 ml).  
The resulting mixture was stirred for 1 h and the precipitate 
that formed was suction filtered and air-dried.  The products 
were characterised spectroscopically and used for subse-
quent reaction with hmta (Acros Organic). 
Cd(S2COMe)2: Yield 4.26 g (87 %) as pale-yellow needles. 
1H NMR (DMSO-d6, 25° C): δ 3.95 (s, 3H, OCH3) ppm.  
13C{1H} NMR (DMSO-d6, 25° C): δ 230.1 (Cq), 62.7 (OCH3) 
ppm.  IR (cm-1): 1218 (vs) ν(C–O), 1029 (vs) ν(C–S). 
Cd(S2COEt)2: Yield 4.74 g (89 %) as a milky-white powder.  
1H NMR (DMSO-d6, 25 °C): δ 4.34 (q, 2H, OCH2, J = 7.07 
Hz), 1.30 (t, 3H, CH3, J = 7.08 Hz) ppm.  13C{1H} NMR 
(DMSO-d6, 25 °C): δ 229.2 (Cq), 72.3 (OCH2), 14.0 (CH3) 
ppm. IR (cm-1): 1195 (vs) ν(C–O), 1029 (vs) ν(C–S). 
Cd(S2COiPr)2: Yield: 4.48 g (78 %) as a yellow powder.  1H 
NMR (DMSO-d6, 25°C): δ 5.12 (sept, 1H, OCH, J = 6.17 
Hz), 1.30 (t, 6H, CH3, J = 6.20 Hz) ppm.  13C{1H} NMR 
(DMSO-d6, 25 °C): δ 228.2 (Cq), 80.4 (OCH), 21.3 (CH3) 
ppm. IR (cm-1): 1202 (vs) ν(C–O), 1021 (vs) ν(C–S). 
hmta: 1H NMR (DMSO-d6, 25°C): δ 4.52 (s, 12H, CH2) ppm.  
13C{1H} NMR (DMSO-d6, 25°C): δ 73.8 (CH2) ppm.  IR 
(cm-1): 1456 (m) νas(C–H), 1369 (s) νs(C–H), 1234 (vs) ν(C–
N). 
Synthesis of Cd(S2COR)2(hmta)n adducts, R = Me (1), Et 
(2) and iPr (3) 
The methods employed for the preparation of the hmta ad-
ducts were similar and hence, only details for the experi-
ments involving the R = Me precursor will be given.  In sep-
arate experiments, to a suspension of Cd(S2COMe)2 (0.65 g) 
in ethanol (25 ml) was added 0.5, 1.0 and 2.0 molar equiva-
lents of hmta in ethanol (25 ml).  The resulting mixtures were 
stirred for 1 h at 50 ºC on a hot-plate.  After cooling to room 
temperature, the solution was filtered and the filtrate left for 
slow evaporation, yielding crystals typically after 3 days.  
The crystals obtained from each reaction were screened by 
PXRD.  From the nine experiments, three new compounds 
were isolated. 
Cd(S2COMe)2(hmta) (1).  Yield: 0.51 g (55 %) as colourless 
crystals.  Anal. Calc. for C10H18CdN4O2S4: C, 25.72; H, 3.89; 
N, 12.00.  Found: C, 25.44; H, 3.87; N, 11.69.  1H NMR 
(DMSO-d6, 25 °C): δ 4.60 (s, 12H, CH2), 3.95 (s, 6H, OCH3) 
ppm.  13C{1H} NMR (DMSO-d6, 25 °C): δ 230.0 (Cq), 73.4 
(CH2), 62.6 (OCH3) ppm.  IR (cm-1): 1460 (m) νas(C–H), 
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1375 (w) νs(C–H), 1238 (s) ν(C–N), 1200 (vs) ν(C–O), 1016 
(vs) ν(C–S). 
Cd(S2COEt)2(hmta)0.5 (2).  Yield: 1.26 g (74 %) as pale-yel-
low crystals.  Anal. Calc. for C18H32Cd2N4O4S8: C, 25.44; H, 
3.80; N, 6.59.  Found: C, 25.12; H, 3.70; N, 6.54.  1H NMR 
(DMSO-d6, 25 °C): δ 4.58 (s, 12H, CH2), 4.34 (q, 8H, OCH2, 
J = 7.05 Hz), 1.30 (t, 12H, CH3, J = 7.06 Hz) ppm.  13C{1H} 
NMR (DMSO-d6, 25 °C): δ 229.2 (Cq), 73.7 (CH2), 72.3 
(OCH2), 14.0 (CH3) ppm.  IR (cm-1): 1461 (m) νas(C–H), 
1365 (w) νs(C–H), 1232 (m) ν(C–N), 1197 (vs) ν(C–O), 
1014 (vs) ν(C–S). 
Cd(S2COiPr)2(hmta) (3).  Yield: 0.81 g (77 %) as pale-yel-
low crystals.  Anal. Calc. for C28H52Cd2N8O4S8: C, 32.15; H, 
5.01; N, 10.71. Found: C, 31.97; H, 5.07; N, 10.49.  1H NMR 
(DMSO-d6, 25 °C): δ 5.13 (sept, 2H, OCH, J = 6.17 Hz), 4.58 
(s, 12H, CH2), 1.30 (t, 12H, CH3, J = 6.20 Hz) ppm.  13C{1H} 
NMR (DMSO-d6, 25 °C): δ 228.3 (Cq), 80.6 (OCH), 73.7 
(CH2), 21.3 (CH3) ppm.  IR (cm-1): 1459 (m) νas(C–H), 1370 
(w) νs(C–H), 1246 (s) ν(C–N), 1206 (vs) ν(C–O), 1013 (vs) 
ν(C–S). 
Crystal structure determination 
A Rigaku AFC12κ/SATURN724 diffractometer fitted with 
Mo Kα radiation (λ = 0.71073 Å) was employed to measure 
intensity data for 1 at 98 K.  Data processing and absorption 
corrections were accomplished with CrystalClear [68] and 
ABSCOR [69], respectively.  Intensity data for 2 and 3 were 
measured at 100 K on an Agilent Technologies SuperNova 
Dual CCD with an Atlas detector also fitted with Mo Kα ra-
diation.  Data processing and absorption correction were ac-
complished with CrysAlis PRO [70].  With the use of 
SHELXS-97 [71] and SHELXL-2014/7 [72] programs inte-
grated into WinGX [73], the structures were solved by direct 
methods and refined on F2 by full-matrix least-squares with 
anisotropic displacement parameters for all non-hydrogen at-
oms.  The C-bound H atoms were placed on stereochemical 
grounds and refined in the riding model approximation with 
Uiso = 1.2-1.5Ueq(carrier atom).  A weighting scheme of the 
form w = 1/[σ2(Fo2) + (aP)2 + bP] where P = (Fo2 + 2Fc2)/3 
was introduced in each case.  For 3, owing to poor agree-
ment, perhaps due to the effect of the beam-stop, two low 
angle reflections, i.e. (1 0 0) and (0 1 0), were omitted from 
the final refinement.  Generally, relatively high motion was 
observed for the terminal methyl groups and in particular for 
C4.  However, multiple sites could not be resolved in this 
low temperature (100 K) study.  This was despite the obser-
vation that the maximum residual electron density peaks 
were located in this region of the structures, i.e. the maxi-
mum and minimum residual electron density peaks of 1.20 
and 1.00 Å-3, respectively, were located 0.48 and 0.44 Å 
from the H4a and C4 atoms, respectively.  Unit cell data, X-
ray data collection parameters, and details of the structure 
refinement are given in Table 1.  The programs ORTEP-3 for 
Windows [73], PLATON [74] and DIAMOND [75] were 
also used in the analysis. 
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Table 1. Crystallographic data and refinement details for 1-3.1 
 1 2 3 
Formula C10H18CdN4O2S4 C18H32Cd2N4O4S8 C14H26CdN4O2S4 
Formula weight 466.92 849.75 523.03 
Crystal size (mm) 0.10 x 0.10 x 0.30 0.08 x 0.11 x 0.14 0.20 x 0.20 x 0.20 
Crystal system monoclinic  triclinic triclinic 
Space group C2/c P
_
1 P
_
1 
a/Å 17.321(4) 9.8286(3) 9.6453(4) 
b/Å 10.3733(18) 11.7331(3) 9.7342(5) 
c/Å 11.744(2) 13.3667(3) 11.9457(4) 
α/° 90 90.639(2) 85.258(3) 
β/° 129.836(2) 90.981(2) 78.488(3) 
γ/° 90 105.455(2) 69.138(4) 
V/Å3 1620.3(6) 1485.29(7) 1026.88(8) 
Z 4 2 2 
Dc/g cm–3 1.914 1.900 1.692 
µ/mm–1 1.871 2.027 1.486 
θ range/° 2.5–27.5 2.2–27.5 2.6–27.6 
Reflections measured 5452 25768 17439 
Independent reflections; Rint 1855; 0.020 6812; 0.028 4745; 0.047 
Reflections with I > 2σ(I) 1812 6170 4221 
Number of parameters 99 332 230 
R(F) [I > 2σ(I) reflns] 0.019 0.019 0.029 
Author Title File Name Date Page 
Yee Seng Tan, Aliaa Diyana 
Azizuddin, Marius V. Câmpian, 
Ionel Haiduc and Edward R. T. 
Tiekink 
Serendipitous compositional and structural diversity in urotropine adducts of binary 
 cadmium xanthates 
 
N4.docx 30.10.2017 8 (29) 
 
A; b in wght scheme 0.021; 2.409 0.014; 0.599 0.026; 0.251 
wR(F2) (all data) 0.046 0.042 0.063 
GoF (F2) 1.07 1.04 1.04 
∆ρmax, min (e Å–3) 0.54, -0.62 0.51, -0.43 1.20, -1.001 Supplementary Material: Crystallographic data (excluding structure factors) for the structures reported in this paper have 
been deposited with the Cambridge Crystallographic Data Centre as supplementary publications no. CCDC-1409580 to 1409582. Copies of available material can be obtained free of charge, on 
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK, (fax: +44-(0)1223-336033 or e-mail: deposit@ccdc.cam.ac.uk). The list of Fo/Fc-data is available from the author up to one year 
after the publication has appeared. 
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Powder X-ray Diffraction 
Powder X-ray diffraction (PXRD) data were recorded with a 
PANalytical Empyrean XRD system with Cu Kα1 radiation 
(λ = 1.54056 Å) in the 2θ range of 5 to 50° with a step size 
of 0.026°.  The comparison between experimental and calcu-
lated (from CIFs) PXRD patterns was performed with X’Pert 
HighScore Plus [76]. 
 
Results and Discussion 
Syntheses and spectroscopy 
The reactions between Cd(S2COR)2, R = Me, Et and iPr, and 
hmta yielded three new compounds regardless of the ratio 
between the reagents, i.e. 1:1, 2:1 and 1:2.  The structures of 
Cd(S2COMe)2(hmta) (1), Cd(S2COEt)2(hmta)0.5 (2) and 
Cd(S2COiPr)2(hmta) (3) were established by single crystal 
X-ray crystallography as discussed below.  Powder X-ray 
patterns (PXRD) were measured on the powdered samples 
of the crystals isolated from all reactions.  These were com-
pared with the simulated patterns calculated based on the sin-
gle crystal data (using the respective CIF’s) obtained for 1–
3 [76].  The agreement between the experimental and calcu-
lated patterns for 1–3 indicates the single crystal results are 
representative of the isolated materials, see Supplementary 
Material Fig. S1. 
The multiplicity and integration observed in the 1H NMR 
spectra were consistent with the expected formulae.  The res-
onances due to the CH2 protons of hmta were observed as 
singlets at δ 4.60 (1) and 4.58 (2 and 3) compared with δ 4.52 
ppm for hmta measured under the same conditions, perhaps 
indicating a small downfield shift upon coordination.  Very 
small upfield shifts were noted in the 13C{1H} NMR spectra 
with δ(NCH2) being 73.4 (1) and 73.7 (2 and 3) compared 
with δ 73.8 ppm for hmta.  By contrast, in terms of the xan-
thate ligands, the 1H and 13C{1H} NMR of 1–3 were practi-
cally indistinguishable from those recorded for Cd(S2COR)2, 
R = Me, Et and iPr.  Further discussion relating to the ques-
tion whether hmta remains coordinated in solution is found 
below.  At least, the appearance of a single resonance for the 
hmta molecules in the 1H and 13C{1H} spectra of 1–3 indi-
cates fluxional behaviour.  The IR spectra (see Supplemen-
tary Material Fig. S2) showed characteristic absorptions, i.e. 
νas(C–H), νs(C–H) and ν(C–N), due to hmta.  In the same 
way, characteristic xanthate absorptions, i.e. ν(C–O) and 
ν(C–S), were observed, with systematic blue-shifts noted for 
the latter. 
Crystal and molecular structures 
The crystal structures of [Cd(S2COMe)2(hmta)]n (1), 
[Cd(S2COEt)2(hmta)0.5]n (2) and Cd(S2COiPr)2(hmta) (3) 
were established by X-ray crystallography; selected geomet-
ric parameters are given in the respective figure captions.  
The crystallographic asymmetric unit in the crystal structure 
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of 1 comprises half of Cd(S2COMe)2, with the Cd atom lo-
cated on a crystallographic centre of inversion, and half of a 
molecule of hmta, as this is located about a 2-fold axis, Fig. 
3a, so that there is a 1:1 ratio between Cd(S2COMe)2 and 
hmta.  The methylxanthate ligand chelates the cadmium and 
forms almost symmetric Cd–S bond lengths.  From sym-
metry, the cadmium atoms is six-coordinate within a N2S4 
donor set with the nitrogen atoms being mutually trans.  Dis-
tortions from the ideal octahedral geometry are related to the 
acute bite angle of the xanthate ligand, S1–Cd–S2 is 
68.572(13)º.  The N4 ligand is µ2-bidentate, spanning two 
cadmium atoms so that a one-dimensional coordination pol-
ymer is formed.  This is orientated along the [101] direction 
and has a zigzag topology, Fig. 3b.  In the crystal packing, 
chains pack with no specific intermolecular interactions be-
tween them according to the criteria embodied in PLATON 
[74]; the unit cell contents for 1 are shown in Fig. 3c. 
 
 
(a) 
 
(b) 
 
(c) 
Fig. 3.  (a) The asymmetric unit in the crystal structure of 1 
showing atom-labelling and displacements ellipsoids at the 
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50% probability level; the Cd atom is located on a crystallo-
graphic centre of inversion and N4 is located about a 2-fold 
axis.  Selected geometric parameters: Cd–S1 2.6435(7), Cd–
S2 2.6844(6) and Cd–N1 2.5476(15) Å.  (b) The one-dimen-
sional coordination polymer with hydrogen atoms removed 
for reasons of clarity.  (c) A view in projection down the b-
axis of the unit cell contents, showing the supramolecular 
chains to pack without specific interactions between them. 
 
The asymmetric unit in the crystal structure of 2 com-
prises three distinct cadmium atoms, two of which lie on a 
centre of inversion with the other in a general position, six 
distinct ethylxanthate ligands and an entire molecule of 
hmta, Fig. 4a, so that there is a 2:1 ratio between 
Cd(S2COEt)2 and hmta.  Each cadmium atom is chelated by 
two ethylxanthate ligands with the Cd–S bond lengths lying 
in a relatively narrow range, i.e. 2.6056(5) to 2.6683(4) Å.  
The Cd1 atom is also coordinated by a nitrogen atom from 
hmta, and from symmetry, each of the Cd2 and Cd3 atoms 
are coordinated by two nitrogen atoms.  The Cd1 atom is 
penta-coordinated, the NS4 donor set defining a distorted 
square pyramidal geometry with the value of τ = 0.12, cf. τ 
= 0.00 and 1.00 for ideal square pyramidal and trigonal bi-
pyramidal geometries, respectively [77].  Distorted octahe-
dral geometries defined by trans-N2S4 donor sets, as for 1, 
are found for the Cd2 and Cd3 atoms.  The Cd2 and Cd3 
atoms are bridged by hmta ligands to form a one-dimensional 
zigzag chain along the c-axis, akin to that seen in 1.  The 
clear difference in 2 arises with the hmta ligand also con-
nected to terminally bound Cd(S2COEt)2 entities, indicating 
that the hmta ligand is µ3-tridentate, Fig. 4b.  The terminally 
bound residues are crucial in assembling chains into a supra-
molecular layer in the ac-plane by C–H...S interactions, 
which each forming two donor and two acceptor C–H…S in-
teractions, see Fig. 4c and the figure caption for the geomet-
ric details characterising the interactions.  The layers stack 
along the b-axis, being separated by hydrophobic interac-
tions, see Fig. 4d. 
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(b) 
 
(c) 
 
(d) 
Fig. 4.  (a) The asymmetric unit in the crystal structure of 2 
showing atom-labelling and displacements ellipsoids at the 
70% probability level; the Cd2 and Cd3 atoms are located on 
crystallographic centres of inversion.  Selected geometric pa-
rameters: Cd1–S1 2.6056(5), Cd1–S2 2.6502(5), Cd1–S3 
2.6130(5), Cd1–S4 2.6671(5), Cd1–N1 2.4244(15), Cd2–S5 
2.6189(5), Cd2–S6 2.6683(4), Cd2–N2 2.5682(14), Cd3–S7 
2.6370(4), Cd3–S8 2.6574(4), Cd3–N3 2.5836(14) Å.  (b) 
The 1-D coordination polymer.  (c) The supramolecular layer 
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in the ac-plane sustained by C–H...S interactions shown as 
orange dashed lines.  In (b) and (c), the non-interacting hy-
drogen atoms removed for reasons of clarity.  (d) A view in 
projection down the b-axis of the unit cell contents, showing 
the supramolecular layers pack along the c-axis without spe-
cific interactions between them.  The geometric parameters 
for the C–H...S interactions: C5–H5a...S1i = 2.76 Å, C5...S1i 
= 3.4813(19) Å, with angle at H5a = 130º for i: -x, -y, 1-z; 
C5–H5a...S5i = 2.83 Å, C5...S5i = 3.544(2) Å, with angle at 
H5a = 130º; C8–H8b...S1ii = 2.78 Å, C8...S1ii = 3.540(2) Å, 
with angle at H8b = 134º for ii: -1+x, y, z. 
 
The crystal structure of 3 comprises binuclear molecules 
disposed about a centre of inversion, Fig. 5a.  One of the in-
dependent isopropylxanthate ligands is chelating, as for 1 
and 2, but the other chelates one cadmium atom while sim-
ultaneously bridging another in a µ2κ2-tridentate mode.  The 
resulting NS5 donor set defines an approximate octahedral 
geometry with distortions again being traced to the restricted 
bite angle of the xanthate ligands.  In the crystal packing, 
molecules self-assemble into a supramolecular layer in the 
ab-plane being connected by C–H...N and C–H...S interac-
tions, see Fig. 5b.  The layers stack along the c-axis, with no 
specific intermolecular interactions between them, see Fig. 
5c. 
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(b) 
 
(c) 
Fig. 5.  (a) The binuclear molecule in the crystal structure of 
3 showing atom-labelling and displacements ellipsoids at the 
50% probability level.  The molecule is located about a crys-
tallographic centre of inversion; unlabelled atoms are related 
by the symmetry operation i: 1-x, 1-y, 1-z.  Selected geomet-
ric parameters: Cd–S1 2.6348(6), Cd–S2 2.7107(7), Cd–S3 
2.7594(6), Cd–S3i 2.7101(6), Cd–S4i 2.7065(6), Cd–N1 
2.395(2) Å.  (b)  The supramolecular layer in the ab-plane 
sustained by C–H...N and C–H...S interactions shown as blue 
and orange dashed lines, respectively.  Only the hydrogen 
atoms participating in the intermolecular interactions are 
shown.  (c) A view in projection down the b-axis of the unit 
cell contents, showing the supramolecular layers pack along 
the c-axis without specific interactions between them.  Geo-
metric parameters: C10–H10b...N3ii = 2.57 Å, C10...N3ii = 
3.440(3) Å with angle at H10b = 147º for ii: 2-x, 1-y, 1-z; 
C9–H9b...S2i = 2.77 Å, C9...S2i = 3.725(2) Å with angle at 
H9b = 163º for i: 1-x, 2-y, 1-z. 
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The structures of one-dimensional, zigzag coordination 
polymers 1 and 2 complement the sole previous example of 
a linear coordination polymer constructed from 
Cd(S2COiPr)2 and a bridging 4,4ꞌ-bipyridine ligand, 
[Cd(S2COiPr)2(4,4ꞌ-bipy)]n [46].  The zero-dimensional ag-
gregate seen in 3 has only one precedent in the literature, 
namely in the structure of [{Cd(S2COEt)2}2L2], where L is 
the S-bound thiourea derivative, bis(4-methoxyphenyl)thio-
urea [78] but resembles the almost universally adopted struc-
tural motif adopted by binary cadmium dithiocarbamates 
[16-34].  As revealed in the previously mentioned review of 
the inverse coordination propensities of hmta in non-silver 
containing coordination polymers [67], µ2-, µ4- and µ4-bridg-
ing modes have been observed but terminally bound exam-
ples are comparatively rare in this context.  In 1,1-dithiolate 
chemistry, there are no literature precedents of cadmium 
xanthates or dithiocarbamates with hmta but there are three 
examples of zero-dimensional aggregates for cadmium dithi-
ophosphates and dithiophosphinates (-S2PR2) with hmta.  
Thus, a mononuclear bis adduct with hmta coordinating in a 
monodentate fashion was reported in the structure of 
Cd[S2P(OEt)2]2(hmta)2 [79].  There are two binuclear hemi 
adducts with hmta, namely {Cd[S2P(O-sBu)2]2}2(hmta) [80] 
and {Cd[S2P(O-iBu)2]2}2(hmta) [81], each having hmta in 
the µ2-bidentate bridging mode. 
 
Rationale for the adoption of different struc-
tural motifs in 1–3 
Having discussed the structures of 1–3, the challenge re-
mains to rationalise their formation.  First and foremost, DFT 
calculations show that the electronic profiles of alkylxan-
thate ligands are independent of R present in 1–3 [82].  The 
difference between coordination polymers 1 and 2 on the one 
hand, and that of 3 is readily explained in terms of relative 
size of the iPr substituent.  Simply, and consistent with liter-
ature precedents [62-66], the bulk of the iPr residue pre-
cludes the supramolecular association adopted by the struc-
tures with the smaller R groups.  The rationalisation of the 
different compositions of 1 and 2 is more subtle.  Fig. 6 
shows end- and side-on views of the coordination polymers.  
To a first approximation, the coordination polymers are very 
similar and the Cd…Cd separations vindicate this conclu-
sion, being 6.66 and 6.68 Å for 1 and 2, respectively.  To a 
first approximation, successive CdS4 residues are rotated by 
approximately 90º in 1 by contrast to approximately 30º in 2.  
The end-on view of 1, Fig. 6a, is instructive in that is reveals 
a very compact arrangement with the methyl groups shield-
ing the non-coordinating nitrogen atoms of hmta from fur-
ther interaction.  By contrast, a more open arrangement is 
noted in the end-on view of 2, see Fig. 6c.  Presumably, the 
larger ethyl groups in 2 preclude the adoption of the tight-
knit structure in 1.  The common feature immediately appar-
ent from the side-on views in Figs 6b and d is the relative 
orientation of the –hmta–Cd–hmta–Cd– backbones in both 
structures.  The clear difference relates to the relative orien-
tations of the xanthate ligands.  While successive xanthate 
ligands must be twisted in order to avoid steric clashes be-
tween the R substituents, the successive xanthates are not in 
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opposite orientations in 2 and this opens voids in the polymer 
to allow the additional coordination of the pendent 
Cd(S2COEt)2 entities.  The crystal packing efficiencies were 
calculated with PLATON [17g].  These are 72.4, 70.9 and 
69.2%, respectively, again highlighting the relatively com-
pact structure and efficient packing in 1. 
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
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Fig. 6.  End-on and side-on views of the coordination poly-
mers in (a) and (b) 1, and (c) and (d) 2.  In the side-on image 
for 2, only the cadmium atoms of the pendent Cd(S2COEt)2 
entities are shown for reasons of clarity. 
 
Thermogravimetric analysis 
Traces for the thermogravimetric analysis for 1–3 are given 
in Supplementary Material Fig. S3.  The decomposition 
mechanisms of 1–3 were relatively straightforward and led 
to CdS.  Decomposition of 1 to CdS was in one step between 
109 and 346 ºC, with weight loss of 69.7 % cf. calcd. 69.1%.  
Two discernible steps were noted for 2.  The first step be-
tween 120 and 650 ºC correlated with the loss of three xan-
thate anions and hmta with a weight loss of 57.4 % cf. calcd. 
59.3 %.  The second step between 650 and 866 ºC left a 32.9 
% residue cf. calcd. 34.0 % corresponding to CdS.  The de-
composition mechanism of 3 was basically the same as for 2 
with three xanthates and two hmta molecules being lost ini-
tially between 132 and 421 ºC (weight loss 64.8 % cf. calcd. 
65.6 %).  The following step between 421 and 686 ºC left a 
28.0 % residue cf. calcd. 27.6 % corresponding to CdS.  Cad-
mium xanthates and their nitrogen adducts are well known 
to be useful as synthetic precursors for CdS nanoparticles 
[37, 83-85], and the results herein suggest that hmta adducts 
are able to produce CdS relatively cleanly. 
UV-visible and photoluminescence studies 
In order to probe further whether N4 remained coordinated 
in solution, the UV-visible characteristics of 1–3 were com-
pared with those of the parent Cd(S2COR)2 compounds, see 
Table 2 for data.  The spectra were obtained in ethanol:ace-
tonitrile (1:1) solutions, each at concentrations of 10 and 100 
μM, and were very similar to each other.  An intense, high-
energy band was observed at 296 nm for each of 1–3.  This 
transition is assigned as an intra-ligand pi → pi* charge trans-
fer [89]  Low intensity bands were observed around 360 nm 
which are assigned to ligand metal charge transfer (LMCT) 
bands[89].  The similarity of the spectra is consistent with 
lack of significant influence of the alkyl group on electronic 
transitions [82, 89, 90].  The spectra of the Cd(S2COR)2 com-
pounds exhibit very similar absorptions but with distinctive 
values of ε in the case of the R = Me and Et compounds but, 
with near equivalence when R = iPr.  More distinctive re-
sponses were evidenced from a photoluminescence study. 
Photoluminescence measurements were carried out at 
room temperature on 1 mM solutions in acetonitrile:ethanol 
(1:1) with excitation wavelengths of 295 and 360 nm, Table 
2.  With λex = 295 nm, only the R = Me compounds showed 
emissions at around 710 nm.  With λex = 360 nm, 1 and 2 
showed strong emissions at 554 nm; 3 was non-emissive.  By 
contrast, the Cd(S2COR)2 compounds showed emissions at 
wavelengths greater than 610 nm.  This distinctive behaviour 
suggests that the N4 ligands remain coordinated in 1–3, at 
least in acetonitrile:ethanol (1:1) solutions.
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Table 2.  UV-visible (λmax, nm; ε, Lcm-1mol-1) and photoluminescence data (λ, nm; λex = 295 and 360 nm) for Cd(S2COR)2, R = Me, Et and iPr, and 1–3. 
Compd                             solution                                                  solid-state (77 K) 
 UV-vis     photoluminescence 
 λmax λem (295) λem (360) λem (295) λem (360) 
Cd(S2COMe)2 296 (11,594) 707 612 589 598 
 358 (254)   693 694 
Cd(S2COEt)2 298 (18,295) - 642 703 490 
 362 (137)    650 
     698 
Cd(S2COiPr)2 299 (20,471) - 612 493 614 
 362 (145)   605 
    697 
1 296 (20,270) - 554 609 586 
 362 (155)   701 
 
2
 
296 (35,150) 710 554 489 542 
 360 (386)   709 
 
3
 
296 (21,680) - - 661 602 
 363 (146)   693 
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Photoluminescence measurements were also carried out 
in the solid-state at the same excitation wavelengths, Table 
2.  Consistent with expectation, blue-shifts and increasing in-
tensities of the bands were observed as the temperatures at 
which the experiments were measured were decreased.  Rep-
resentative spectra recorded at 77 K for 1–3 are given in Sup-
plementary Material Fig. S4 and show that while distinctive 
bands for 2 and, especially, zero-dimensional 3 were ob-
served, those for 1 were poorly resolved.  With λex = 295 nm, 
two bands were observed for each of 1–3 with the high-en-
ergy band varying from a low 489 for 2 to a high 661 for 3.  
A low-energy band, which was significantly more intense in 
2 but had comparable intensities for 1 and 3, appeared around 
700 nm.  A single emission appeared when λex was 360 nm.  
The solid-state spectra for 1–3 are quite distinct from those 
observed for Cd(S2COR)2 indicating that the presence of the 
hmta ligand influences the electronic transitions involving 
the xanthate chromophores. 
Conclusions 
Three new compounds have been isolated from 1:1, 1:2 and 
2:1 solutions containing Cd(S2COR)2, R = Me, Et and iPr, 
and hmta.  Compound 1 is a coordination polymer with a zig-
zag topology.  The basic structure of 2 is as for 1 but with 
pendant Cd(S2COEt)2 entities, indicating the hmta ligand is 
µ3-tridentate.  A binuclear molecule is observed in 3 with 
terminally bound hmta ligands.  The zero-dimensional ag-
gregate in 3 is correlated with the steric bulk of the iPr 
groups.  The compact arrangement in 1 cannot accommodate 
the larger ethyl groups in 2 which enables additional coordi-
nation of Cd(S2COEt)2 entities.  This study expands the 
range of cadmium xanthates with potentially bridging lig-
ands and reveals unexpected and interesting structural diver-
sity suggesting further investigations are well warranted. 
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Figure S1.  Experimental (red trace) and simulated based on the single crystal structure (blue trace) PXRD patterns for (a) 1, (b) 2 and (c) 3.  These 
show that the single crystal data reported herein for each of 1–3 match the structure of the bulk material in each case. 
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Figure S2.  IR data for (a) Cd(S2COMe)2 (left-hand image) and 1 (right-hand image), (b) Cd(S2COEt)2 and 2, and (c) Cd(S2COiPr)2 and 3. 
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Figure S3.  TGA (red trace) and DTA (blue trace) for (a) 1, (b) 2 and (c) 3. 
 
 
(a) 
 
 
(b) 
Author Title File Name Date Page 
Yee Seng Tan, Aliaa Diyana 
Azizuddin, Marius V. Câmpian, 
Ionel Haiduc and Edward R. T. 
Tiekink 
Serendipitous compositional and structural diversity in urotropine adducts of binary 
 cadmium xanthates 
 
N4.docx 30.10.2017 28 (29) 
 
 
(c) 
  
Author Title File Name Date Page 
Yee Seng Tan, Aliaa Diyana 
Azizuddin, Marius V. Câmpian, 
Ionel Haiduc and Edward R. T. 
Tiekink 
Serendipitous compositional and structural diversity in urotropine adducts of binary 
 cadmium xanthates 
 
N4.docx 30.10.2017 29 (29) 
 
Figure S4.  Solid-state emission spectra for 1–3: (a) λex = 295 nm and (b) λex = 360 nm.  The red spectrum corresponds to 1 (R = Me), blue to 2 
(R = Et) and green to 3 (R = iPr). 
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